1. Introduction {#sec1-ijms-20-02353}
===============

In 2018, endometrial cancers (ECs) accounted for about 63.230 new cases and 11.350 deaths in women in the United States \[[@B1-ijms-20-02353]\]. The median age of diagnosis is 62 years, and risk factors are related to hyperestrogenism (i.e., early menarche, late menopause, polycystic ovary syndrome (PCOS), infertility but also obesity and diabetes) \[[@B2-ijms-20-02353],[@B3-ijms-20-02353]\]. Indeed, Estrogens stimulate growing and proliferation of the endometrium during the menstrual cycle and are involved in development of EC \[[@B4-ijms-20-02353]\]. Genetic predisposition plays a role in younger patients, being the incidence of Lynch Syndrome in up to 9% in patients with diagnosis of EC before the age of 50 \[[@B5-ijms-20-02353]\].

EC is usually diagnosed at an early-stage, with vaginal bleeding being the most frequent clinical manifestation \[[@B2-ijms-20-02353]\]. Patients with early-stage disease, on the basis of risk of relapse, are treated with surgery alone \[[@B6-ijms-20-02353]\] followed by brachitherapy (BT) \[[@B7-ijms-20-02353]\] or external beam radiation therapy (EBRT) \[[@B8-ijms-20-02353]\] with a 5-year survival rate of more than 90%. Patients with locally advanced disease could be treated with a combination of surgery, chemotherapy and radiation therapy \[[@B9-ijms-20-02353],[@B10-ijms-20-02353]\]. Patients with distant metastasis at initial diagnosis account for less than 10% but in this setting, prognosis remains poor, with a 5-year survival rate of less than 20% \[[@B11-ijms-20-02353]\]. The standard of care is represented by systemic therapy with carboplatin-paclitaxel and palliative radiotherapy \[[@B12-ijms-20-02353]\]. There is no standard of care in subsequent lines, but Endocrine Therapy (ET) is considered an option \[[@B13-ijms-20-02353],[@B14-ijms-20-02353]\]. Indeed, more than 80% of EC specimens show Estrogen Receptor (ER) and Progesterone Receptor (PgR) positivity \[[@B15-ijms-20-02353]\] and estrogens play a key role in EC development and progression \[[@B4-ijms-20-02353]\]. ET is characterized by a manageable toxicity profile but its activity in EC has not been certainly defined \[[@B12-ijms-20-02353]\]. As a matter of fact, in spite of similarities between EC and Breast Cancer (BC), ET does not play a main role in EC and nowadays there is no evidence that ET prolongs Overall Survival (OS) or Disease Free Survival (DFS) in this malignancy \[[@B12-ijms-20-02353],[@B13-ijms-20-02353]\]. On the other hand, a meta-analysis focusing on Hormone receptors (HRs) evaluated the clinico-patological features that could predict sensitivity to ET \[[@B16-ijms-20-02353]\]. The work showed that patients treated with ET have a 20.4% Overall Response Rate (ORR) with a median Progression Free Survival (PFS) of 2.8 months and a median OS of 10.2 months. Patients with ER or PgR positivity had higher ORR compared with ER or PgR negative patients \[[@B17-ijms-20-02353]\]. This work has several limitations and lack of other evidence suggests the necessity to go beyond the mere HR expression to find biomarkers of response.

Several endocrine therapies have been developed, among which progestins, Selective ER Modulators (SERMs), Selective ER Degraders (SERDs) and Aromatase Inhibitors (AIs) are used in clinical practice \[[@B18-ijms-20-02353],[@B19-ijms-20-02353]\].

As underlined before, prognosis of advanced ECs is still poor. Treatment of advanced, relapsed and metastatic patients is still an unmet clinical need, and the role of ET in ECs has to be elucidated. Moreover, EC patients usually have several comorbidities, being obesity and diabetes important risk factors \[[@B20-ijms-20-02353]\]. All these issues complicate therapeutic strategies. A better understanding of the molecular mechanism and a translational approach to these malignancies led to development of new compounds \[[@B21-ijms-20-02353]\]. Interesting strategies are targeting the Vascular Endothelial Growth Factor (VEGF) pathway \[[@B22-ijms-20-02353]\], using epigenetic drugs \[[@B21-ijms-20-02353]\] or immunotherapy above all in "inflamed ECs" \[[@B23-ijms-20-02353]\]. The PI3K/AKT/mTOR pathway, being downstream HRs, has been exploited with drugs like everolimus in combination with AIs \[[@B24-ijms-20-02353]\]; on the other hand, drugs that inhibit Insulin Growth Factor Receptors (IGFRs), like metformin, are combined with AIs with or without PI3K-inhibitors, on the basis of IGFRs' activity in the proliferation of the endometrium \[[@B21-ijms-20-02353]\]. The main goal of these drugs is to enhance ET activity, without adding unacceptable toxicities to a well-tolerated regimen. Unfortunately, none of these compounds has currently changed the natural history of EC \[[@B21-ijms-20-02353]\]. In this context, the development of drugs acting on the cell cycle in synergy with endocrine therapy, like Cyclin-Dependent Kinase inhibitors (CDKis), may represent a significant step forward in EC treatment.

The aim of this review is to describe the rationale behind CDKis development, CDKis data of activity in ECs and future perspectives for development of these drugs. In this review, we highlight EC molecular and pathological classifications that play a role in defining prognosis but will probably also drive therapeutic choices in the near future (for example, suggesting which ECs could benefit from Immunotherapy), focusing on frequently altered pathways which may be relevant for CDKis treatment. Moreover, we discuss the general state of the art on CDKis, their preclinical activity and future perspective in ECs.

2. Endometrial Cancer: Molecular Classification of Subtypes {#sec2-ijms-20-02353}
===========================================================

EC has been historically classified into type I and type II on the basis of clinical characteristics and histological features \[[@B25-ijms-20-02353],[@B26-ijms-20-02353]\]. Type I EC accounts for 60--70% of all ECs. It is characterized by grade 1 or 2 tumour differentiation with endometrioid histology, ERs and PgRs positivity. It is associated with endometrial hyperplasia and is related to obesity, hyperlipemia and hyperestrogenism (late onset of menopause, estrogen exposure). It has good prognosis with 5 year-OS of 86% \[[@B25-ijms-20-02353],[@B26-ijms-20-02353]\]. The most frequently altered pathways are the PI3K/AKT/mTOR pathway, with PTEN mutation in more than half of samples \[[@B27-ijms-20-02353]\], and the WNT signalling pathway (2--45%) \[[@B26-ijms-20-02353],[@B27-ijms-20-02353]\].

Type II EC accounts for about 30% of all ECs. It is predominantly serous, clear cell or grade 3 endometrioid, with low or absence of ERs and PgRs. It is associated with endometrial atrophy and has poor prognosis with 5-year OS of 59% \[[@B25-ijms-20-02353]\]. Type II EC is characterized by TP53 mutation (more than 60% of samples), PIK3CA mutation and HER2 amplification \[[@B26-ijms-20-02353],[@B27-ijms-20-02353]\].

This model has some limits, because it is difficult for some tumours to be histologically classified, and some mutations recur in both types of EC. This classification has been recently enriched and will probably be replaced by The Cancer Genome Atlas (TCGA).

It identifies 4 subgroups on the basis of copy number alteration, mutations and Microsatellite Instability (MSI): POLE-ultra-mutate, MSI-hyper-mutated (MSI-H), copy-number low and copy-number high subgroup \[[@B23-ijms-20-02353],[@B28-ijms-20-02353]\]:POLE-ultramutated malignancies, accounting for 17.4% of high-grade endometrioid tumours, are characterized by a high mutational burden with somatic mutations in the exonuclease domain of POLE which encodes the catalytic subunit of polymerase epsilon. Despite the histological grade, this group is associated with good prognosis \[[@B29-ijms-20-02353],[@B30-ijms-20-02353],[@B31-ijms-20-02353]\].MSI-hypermutated tumours represent 28.6% of low-grade and 54.3% of high-grade endometrioid EC. They are characterized by MSI and a high mutation rate; they are related to alteration of Mismatch Repair (MMR) system (the most commonly implicated genes are MLH1, MSH2, MSH6, PMS2) \[[@B23-ijms-20-02353],[@B28-ijms-20-02353],[@B32-ijms-20-02353]\].Copy number low subgroup is typically composed by low-grade endometrioid tumours with low mutation rate and microsatellite stability (MSS). PTEN and PIK3 are mutated in 77% and 90% samples, respectively. This subgroup is characterized by high expression of ER and PgR \[[@B23-ijms-20-02353],[@B28-ijms-20-02353]\].Copy number-high serous-like tumours have serous or mixed histology. They have a low mutation rate and a small load of copy number aberrations. TP53 is commonly mutated (91.7%). They show HER2-amplification and deregulation of the cell cycle (in particular with CCNE1 overexpression \[[@B17-ijms-20-02353]\]). Prognosis of these patients is poor \[[@B23-ijms-20-02353],[@B28-ijms-20-02353]\].

3. Cell Cycle Checkpoints and Cyclin Dependent Kinases Complexes {#sec3-ijms-20-02353}
================================================================

The cell cycle is the set of phases in which DesoxyriboNucleicAcid (DNA) and cellular components double and divide into daughter cells \[[@B33-ijms-20-02353]\]. The cell cycle consists of four phases called G1 (Gap 1), S (synthesis), G2, M (mitosis) \[[@B34-ijms-20-02353]\]. In G1-phase, the cell grows and synthesizes all cellular components that are essential for DNA duplication. During S-phase, DNA is duplicated with high fidelity machinery \[[@B35-ijms-20-02353]\]. In G2-phase, the cell prepares for the division that occurs in the next M-phase. Mitosis is the final phase during which two identical daughter cells are generated \[[@B34-ijms-20-02353]\].

The cell cycle is carefully regulated in each phase by cyclins, CDKs, and CDKis \[[@B34-ijms-20-02353],[@B36-ijms-20-02353]\]. CDKs are serine/threonine protein kinases that form active complexes with cyclins. These complexes are essential to drive cell cycle progression and transition into different phases \[[@B34-ijms-20-02353],[@B35-ijms-20-02353]\].

At present we know that the CDK family is composed of 20 molecules \[[@B37-ijms-20-02353]\], while 11 molecules are classified in the cyclin family \[[@B36-ijms-20-02353]\]. These enzymes play a main role in three checkpoints that regulate cell cycle transition: G1 checkpoint, G2 checkpoint and M checkpoint \[[@B33-ijms-20-02353]\]. All these checkpoints have been largely studied and the essential activity of these complexes has been elucidated. G1/S phase transition is ruled by CDK4/6-cyclin D and CDK2-cyclin E complexes. In response to mitogenic and growth signals, during G1 phase, CDK4/6 and cyclin D form a complex that phosphorylates retinoblastoma susceptible protein (Rb) causing the dissociation of E2F factor from Rb \[[@B38-ijms-20-02353]\]. The role of E2F is to induce S-phase progression in association with the CDK2-cyclin E complex \[[@B34-ijms-20-02353]\]. Moreover, during this phase, cyclin A removes cyclin E and forms a new complex, CDK2-cyclin A. During G2-phase, CDK2-cyclin A and CDK1-cyclin B complexes phosphorylate Forkhead box protein M1 (FoxM1) and activate the expression of FoxM1 target genes that codify for the transition to M-phase \[[@B36-ijms-20-02353]\]. CDK1 activity is controlled by the balance between WEE kinases (WEE1 and myelin transcription factor 1 (MYT1)) and Cdc25 phosphatases. WEE1 is a tyrosine kinase that phosphorylates CDK1 at Tyr 15, and MYT1 is dual-specific for phosphorylation at Thr 14 and Tyr 15. These two kinases are responsible for inhibiting CDK1 phosphorylation. Cdc25 activates CDK1 by removing phosphates from residues and cells can enter M-phase. Also, CDK7 has an important regulatory role across different cell-cycle phases. CDK7 phosphorylates and activates other CDKs, thus acting as a CDK-activating kinase (CAK) \[[@B39-ijms-20-02353]\]. This kinase complex consists of three subunits: the regulatory subunit cyclin H, the catalytic subunit CDK7 and a third protein factor, named Menage a trois 1 (Mat1). CAK activates CDK1, CDK2, CDK4 and CDK6 by threonine phosphorylation, regulating cell cycle progression \[[@B40-ijms-20-02353]\].

Lastly, M checkpoint is where the attachment of the spindle fibers to centromeres is assessed. Only if this is correct mitosis will proceed \[[@B35-ijms-20-02353]\]. All these checkpoints and kinases guarantee an efficient cell replication and preserve DNA integrity. Indeed, until DNA damages are repaired, the cell cycle is stopped and checkpoints prevent cells from going on to the next phase.

For an overview of the cell cycle and the most important Cyclin-CDK complexes, see [Figure 1](#ijms-20-02353-f001){ref-type="fig"}.

The cell cycle consists of four phases (G1, S, G2, M) regulated by cyclins, Cdks, and Cdkis. G1/S phase transition is controlled by Cdk4/6-cyclin D and Cdk2-cyclin E complexes. During G1 phase, Cdk4/6 and cyclin D form a complex that phosphorylates Rb causing the dissociation of E2F factor from Rb, thus inducing DNA transcription and S phase progression in association with the CDK2-cyclin E complex. During S phase, DNA is duplicated. During G2-phase, Cdk2-cyclin A and Cdk1-cyclin B complexes activate the expression of FoxM1 target genes that are essential for transition to M-phase. Cdk1 activity is controlled by the balance between WEE and Cdc25 phosphatases. Also, Cdk7 has an important regulatory role across different cell-cycle phases. Cdk7 phosphorylates and activates other Cdks, in combination with Mat1 and Cyclin H.

4. CDKis: Generations and Features {#sec4-ijms-20-02353}
==================================

Four generations of CDKis have been currently developed \[[@B41-ijms-20-02353]\]:First generation (e.g., alvocidib): characterized by low potency (pan-CDK), lack of specificity and off target toxic effects;Second generation (e.g., dinaciclib, CYC065): characterized by a non-selective inhibition of a wide range of CDKs \[[@B42-ijms-20-02353]\] and equivalent activity in normal and tumour cells. Among these drugs, Dinaciclib inhibits Myc and shows interesting activity in triple negative BC cell lines, synergizing with PARP inhibitor niraparib and increasing DNA damage \[[@B43-ijms-20-02353]\];Third generation (e.g., palbociclib, ribociclib and abemaciclib): characterized by selectivity for both a subset of CDKs and tumor cells compared to untransformed cells, as reported below;Fourth generation (e.g., ON-123300, TG02): characterized by higher potency than first generation and by a broad spectrum of activity against other pathways such as angiogenesis. These compounds are under investigation in preclinical and clinical settings.

First generation CDKis, in particular alvociclib, are characterized by an important cytotoxic effect in vitro and in vivo, both in tumour and normal cells, with acute tumour lyses as the main adverse event (AE) in chronic lymphocytic leukemia (CLL) \[[@B44-ijms-20-02353]\]. Myelosuppression and diarrhea are the main grade 3 and 4 (G3--G4) toxicities reported in phase I studies \[[@B44-ijms-20-02353],[@B45-ijms-20-02353],[@B46-ijms-20-02353]\], with 100% of G4 neutropenia and 75% of G3 diarrhea in cohorts receiving dose escalation.

In second generation CDKis, the most common G3 and G4 AEs registered in patients treated with dinaciclib \[[@B47-ijms-20-02353]\] were neutropenia (35.0%, with febrile neutropenia in 10.0% of patients), thrombocytopenia (20.0%), pneumonia and sepsis (5.0% each) with half of the patients having a serious AE in dinaciclib cohort. Third generation CDKis have a more manageable safety profile. The most frequent G3--G4 AE described with palbociclib and ribociclib is neutropenia. However, neutropenia associated with these two drugs is different from chemotherapy-induced neutropenia because it is quickly reversible, reflecting a cytostatic effect on neutrophil precursors \[[@B48-ijms-20-02353]\]. Hematologic AEs are less common with abemaciclib, while fatigue and gastrointestinal toxicity are predominant; in particular, diarrhea was seen in more than 90% of patients (any grade) in MONARCH-1 and it was manageable with conventional antidiarrheal agents or dose reduction \[[@B49-ijms-20-02353]\].

For a summary of CDKis generations and features see [Table 1](#ijms-20-02353-t001){ref-type="table"}.

5. CDKis Development and Approval {#sec5-ijms-20-02353}
=================================

The setting in which CDKis have been clinically developed is HR-positive BC. In HR-positive BC, ER activates the promoter of CCND1, a gene encoding for cyclin D. Indeed, cyclin D is amplified or overexpressed in 20% and 50% of cases, respectively, while mutations of RB are rare \[[@B50-ijms-20-02353],[@B51-ijms-20-02353],[@B52-ijms-20-02353]\]. On the other hand, cyclin D1 binds to ER and enhances its transcriptional activity \[[@B50-ijms-20-02353]\] suggesting that crosstalk between the cyclin D pathway and ER pathway could be therapeutically exploited. On the contrary, triple negative BC is characterized by frequent RB mutation and overexpression of cyclin E \[[@B53-ijms-20-02353],[@B54-ijms-20-02353]\].

Indeed ER-positive cell lines were more sensitive to palbociclib than Triple negative BC \[[@B55-ijms-20-02353]\]. Moreover, ET and CDKis synergize in vitro \[[@B56-ijms-20-02353],[@B57-ijms-20-02353]\]; this synergy is probably related to simultaneous inhibition of cyclin D by ET and CDK4/6 by CDKis. Lastly, ER positive BCs that develop endocrine resistance usually remain dependent on the cyclin D pathway, being inhibited in vitro by CDKis \[[@B58-ijms-20-02353]\].

Third generation CDKis (palbociclib, ribociclib and abemaciclib) have been tested in large phase III trials in BC patients and have been recently approved in clinical practice \[[@B59-ijms-20-02353]\].

PALBOCICLIB: Palbociclib is a selective inhibitor of CDK4 and CDK6 \[[@B60-ijms-20-02353]\]. The chemical name of palbociclib is 6-acetyl-8-cyclopentyl-5-methyl-2-pyrido\[2,3-d\]pyrimidin-7(8H)-one \[[@B61-ijms-20-02353]\]. It has been approved in combination with an AI for the treatment of HR-positive, HER2-negative advanced BC as a first line ET in postmenopausal women or in combination with fulvestrant for the treatment of HR-positive, HER2-negative advanced or metastatic BC in women with disease progression following endocrine therapy, on the basis of the PALOMA 2 study \[[@B62-ijms-20-02353]\] and PALOMA 3 study \[[@B63-ijms-20-02353]\], respectively.

ABEMACICLIB: Abemaciclib is a selective inhibitor of the complexes CDK4/cyclin D1 and CDK6/cyclin D1 \[[@B64-ijms-20-02353]\]. The chemical name is N-(5-((4-ethylpiperazin-1-yl)methyl)pyridin-2-yl)-5-fluoro-4-(4-fluoro-1-isopropyl-2-methyl-1H-benzo\[d\]imidazol-6-yl)pyrimidin-2-amine. This compound acts as competitive inhibitor of the ATP-binding domain of CDK4 and CDK6 and seems to be more potent against CDK4 than against CDK6 \[[@B65-ijms-20-02353]\]. To date, FDA approved abemaciclib in different settings:In combination with fulvestrant, for the treatment of HR-positive, HER2-negative advanced or metastatic BC that progressed after ET on the basis of MONARCH 2 \[[@B66-ijms-20-02353]\];As monotherapy for patients with HR-positive, HER2-negative advanced or metastatic BC that progressed after ET and previous chemotherapy;In combination with an AI as first-line ET for postmenopausal women with HR-positive HER2-negative advanced or metastatic BC on the basis of MONARCH 3 \[[@B67-ijms-20-02353]\].

RIBOCICLIB: Ribociclib is a small molecule that selectively inhibits CDK4 and CDK6 \[[@B68-ijms-20-02353]\]. The chemical name is 7-cyclopentyl-N,N-dimethyl-2-((5-(piperazin-1-yl)pyridin-2-yl)amino)-7H-pyrrolo\[2,3-d\]pyrimidine-6-carboxamide. FDA approved ribociclib in combination with an AI as initial endocrine-based therapy for the treatment of postmenopausal women (in 2017) and pre/perimenopausal woman with HR-positive HER2-negative advanced or metastatic BC (in 2018) according to results of the two phase 3 trials, MONALEESA-2 \[[@B68-ijms-20-02353]\] and MONALEESA-7, respectively \[[@B69-ijms-20-02353]\].

6. Predictors of Response and Resistance to CDKis {#sec6-ijms-20-02353}
=================================================

Nowadays, we have no predictors of response to CDKis in BC with the exception of ER positivity \[[@B70-ijms-20-02353]\]. Indeed, studies focused on amplification of cyclin D, overexpression of CDK6 and expression of p16, a CDK inhibitor, as markers of response, but results were not definitive and further investigations are needed \[[@B70-ijms-20-02353],[@B71-ijms-20-02353]\]. Moreover, cyclin E was deemed as a marker of acquired resistance to inhibitors of CDK 4/6 but evidence is weak \[[@B72-ijms-20-02353]\]. Expression of Rb protein and the level of its phosphorylation seemed to predict response to CDKis, but in contrast, Rb nuclear expression was not associated with response to palbociclib in a phase II trial suggesting the need for additional studies \[[@B71-ijms-20-02353]\]. An exploratory analysis of PALOMA-3 focused on acquired resistance, using circulating tumour DNA (ctDNA) to define if there are common pathway of resistance to CDKis. It suggested that mutation of RB is a driver mutation in the palbociclib plus fulvestrant arm while mutations of PI3KCA (gene encoding for PI3K) and ESR1 (gene encoding for ER1) are driver mutations in both arms (fulvestrant alone and fulvestrant plus palbociclib), playing a main role in acquired endocrine resistance \[[@B63-ijms-20-02353]\]. An important effort in defining mechanism of resistance is a study by Wander and colleagues \[[@B73-ijms-20-02353]\]. They performed a Whole exome sequencing (WES) in 51 metastatic BC specimens of patients before treatment with CDKis and of 11 paired metastatic BC specimens after progression during CDKis treatment. This study suggests that several potential mechanisms could be involved in primary or acquired resistance to CDKis. Among these, RB1 inactivation, AKT1 mutation or amplification, Aurora Kinase A (AURKA) amplification seem to be the most frequent \[[@B73-ijms-20-02353]\]. These results need to be confirmed by additional studies but could pave the way for more rational combination therapies in the near future. In conclusion, on the basis of interdependence of CDKis and the ER pathway, HR-positivity seems to be the only clinical predictor to identify patients that could benefit from the CDK4/6 inhibitor nowadays \[[@B70-ijms-20-02353]\].

7. Preclinical Activity of CDKis in Endometrial Cancer {#sec7-ijms-20-02353}
======================================================

The cell cycle and its checkpoints play an important role in endometrial proliferation and cancer. Indeed, a high expression of cyclin A, cyclin D and cyclin E is frequent in EC. Moreover, estrogens and progesterone show opposite activity in the cell cycle as described below. This explains the rationale for the development of CDKis above all in type 1 EC.

EC shares with BC several features, suggesting that CDKis could be exploited in this malignancy. Indeed, EC expresses HR; ET is a therapeutic option and it shows a deregulation of the CDK pathway \[[@B74-ijms-20-02353]\]. Cyclin A is usually expressed in EC and preclinical data suggest that high expression of cyclin A is associated with less differentiated tumours and shorter OS \[[@B75-ijms-20-02353]\]. Moreover, EC is characterized by frequent cyclin D1 aberrations (16% of samples with 3′Untranslated Region (UTR) mutations that stabilize CCND1 messenger RiboNucleic Acid (mRNA); coding for frame mutations or amplifications) \[[@B65-ijms-20-02353]\]. These alterations lead to cyclin D activating features that are predictive of response to Abemaciclib in preclinical models \[[@B65-ijms-20-02353]\]. Also, Palbociclib shows preclinical activity in EC with RB expression (almost 70% of 337 specimens collected by Tanaka and colleagues), suppressing tumour growth, also significantly reducing ki67 and phosphor-RB expression in PDXs \[[@B76-ijms-20-02353]\]. Palbociclib was also studied in PTEN (Phosphatase and tensin homolog) knockout mouse models with EC. This treatment significantly increased mouse survival, reducing tumour growth \[[@B77-ijms-20-02353]\]. Also, combination of ET and CDK4/6 inhibitors seems to be an interesting option in type I EC. Indeed, preclinical studies suggest that Estradiol and Progesterone have opposite activity in terms of nuclear levels of p27, an inhibitor of CDK2-cyclin E and CDK4-cyclin D and consequently on cell cycle arrest in G1 phase. Estradiol induces p27 phosphorilation and subsequent p27 ubiquitylation and degradation, while Progesterone increases nuclear p27, inducing cell cycle arrest \[[@B78-ijms-20-02353]\]. Moreover, Estradiol stimulated-endometrium shows high levels of cyclin D1 mRNA, therefore suggesting that activation of cyclin D1 plays a key role downstream of the ER pathway \[[@B79-ijms-20-02353],[@B80-ijms-20-02353]\].

On the other hand, serous carcinoma of the uterus (USC) is an interesting setting for CDKis. It accounts for only 10% of all endometrial cancers but has a poor prognosis and few therapeutic options \[[@B81-ijms-20-02353]\]. Almost 85% of these tumours harbor an altered expression of cell-cycle-related genes, with amplification of CCNE1 in 48% of cases \[[@B17-ijms-20-02353],[@B26-ijms-20-02353],[@B28-ijms-20-02353]\]. Moreover, overexpression of cyclin E is associated with less differentiated tumours and low ER and PgR expression \[[@B82-ijms-20-02353]\], similar to triple negative BC. Cocco and colleagues demonstrated that CYC065 (a second-generation, ATP competitive inhibitor of CDK2/9) is active in CCNE1-overexpressing USC cells. CYC065 reduces tumour growth in PDXs. It also synergizes with Taselisib (a new PI3K-inhibitor) in vitro and in PDX with CCNE1-amplified/PI3K-mutated USCs \[[@B83-ijms-20-02353]\], suggesting a crosstalk of these two pathways.

8. Current Development of CDKis in Endometrial Cancer {#sec8-ijms-20-02353}
=====================================================

ECs patients were enrolled in phase I dose escalation studies of the main CDK 4/6 inhibitors, reporting a manageable safety profile \[[@B84-ijms-20-02353],[@B85-ijms-20-02353]\].

Palbociclib toxicity profile was evaluated in a phase I trial that enrolled 41 patients. Dose Limiting Toxicity (DLTs) was neutropenia (12%) with Maximum tolerated Dose (MTD) and Recommended Phase II Dose (RP2D) of 125 mg once daily. Among patients evaluated for tumour response, 27% had stable disease with 6 patients receiving at least 10 cycles \[[@B84-ijms-20-02353]\].

Infante and colleagues evaluated the safety of ribociclib in 132 patients with different solid tumours and lymphomas expressing RB. MTD was established at 900 mg/day while RP2D was 600 mg/day in a 3 weeks on/one week off schedule. The most frequent G3-G4 Adverse Events (AEs) were neutropenia (27%), leukopenia (17%), while asymptomatic corrected QT prolongation was specific to doses ≥600 mg/day (9% of patients at 600 mg/day; 33% at doses \>600 mg/day) \[[@B85-ijms-20-02353]\]. Initial data of activity were collected with 3 partial responses and 43 patients with stable disease. Exploratory analysis with Next Generation Sequencing (NGS) suggests that alteration in CCND1 could predict ribociclib clinical activity. Indeed, a higher percentage of patients who were treated for ≥8 weeks had tumours with alterations in *CCND1* compared with patients who received ribociclib for \<8 weeks and three of the four patients (75%) who had the longest clinical benefit were cyclin D amplified \[[@B85-ijms-20-02353]\].

Abemaciclib shows a manageable profile of toxicity in a phase I trial with expansion cohorts that enrolled 225 patients. The only DLT was fatigue \[[@B86-ijms-20-02353]\]. The MTD was 200 mg twice a day. The most common AE was diarrhea (all above grades 1 and 2) while the most frequent G3-G4 AE was neutropenia (10%). In an ER + BC expansion cohort, the Clinical Benefit Rate (CBR, including Complete Response, Partial Response and Stable Disease for more than 24 weeks) was 49%, with 61% of patients that received abemaciclib for more than 6 months \[[@B86-ijms-20-02353]\].

As for other CDKis, seliciclib, an orally bioavailable inhibitor of several complexes (CDK2-cyclin E, CDK1-cyclin B, CDK7-cyclin H and CDK9-cyclin T1), has been evaluated in a phase I trial \[[@B87-ijms-20-02353]\]. MTD was 800 mg twice a day for 7 days in a 21 day cycle, with anorexia, hypokalaemia, rash, rinse of creatinine and fatigue as the main DLTs. Concerns about toxicities stopped further development of this schedule and this dosage. On the other hand, preliminary results of the NCT00999401 trial suggest that a combination of seliciclib and sapacitabine is safe, being the most common G3-G4 AEs elevations in ALT (10%), AST (13%) and neutropenia (21%) \[[@B88-ijms-20-02353]\].

Ongoing clinical trials are evaluating CDKis activity in ECs. Exploiting the crosstalk between the two pathways downstream, HR and CDKis in EC, CDKis can be used to potentiate activity of ET. Indeed, combinations of AI with one of three main CDK4/6 inhibitors are under development (NCT03643510, NCT02657928, NCT02730429) in phase II trials. NCT03643510 is evaluating activity of fulvestrant plus abemaciclib in metastatic EC patients that could have received only one prior line of ET and prior chemotherapy. NCT02657928 recruits both ECs and Ovarian Cancer patients receiving ribociclib and letrozole. A translational explorative analysis of this study is searching potential predictive biomarkers and is evaluating response in PDXs. NCT02730429 is a double blind placebo controlled phase II trial that evaluates activity of letrozole with or without palbociclib in patients that could have received no more than one prior ET. Interestingly, an inclusion criterion is that the tumour must be ER positive (with immunohistochemistry ≥10%). On the other hand, even more powerful combinations are under study, for example, the triplet of CDKis, ET and PI3K-inhibitors (NCT03008408, NCT03675893). These combinations are also under development in BC. Indeed, preclinical evidence suggests that endocrine resistance is mediated, at least in part, by interactions of ER with CDK4, resulting in PI3K hyperactivation \[[@B89-ijms-20-02353]\] and that CDKis could overcome it \[[@B90-ijms-20-02353]\]. Monitoring toxicities of these combinations will be crucial.

Lastly, despite interesting preclinical activity of CDKis in cyclin E amplified USC, nowadays we have no ongoing study in this specific setting.

For a list of the main ongoing clinical trials developing CDKis in ECs, see [Table 2](#ijms-20-02353-t002){ref-type="table"}.

9. Discussion {#sec9-ijms-20-02353}
=============

Metastatic or recurrent ECs are still an important cause of morbidity and death in women worldwide and despite important efforts and new drugs, median OS has not significantly changed over the last years. In this context, better knowledge of molecular alterations led us understand that cell cycle checkpoint deregulation plays an important role in carcinogenesis and could represent an interesting strategy in different settings. On this basis, new-generation CDKis, with a specific target and a more manageable toxicity profile, have demonstrated outstanding activity in BC (PALOMA 2 and 3, MONARCH 3, MONALEESA 2 and 7), prolonging PFS in HR-positive BC patients. This paved the way for the employment of this class of drugs in other malignancies.

However, several questions are still open:What role will CDKis play in ECs?What are the best partner drugs?How can we select patients that could benefit from CDKis?Are toxicities manageable in these patients?In EC, ET is an option in pretreated patients, above all in Type I EC that is characterized by strong HR-positivity, being a safe treatment in a setting of poor therapeutic options and in patients that usually have several comorbidities \[[@B16-ijms-20-02353]\]. Nevertheless, clinical activity of ET is not fully elucidated and meta-analysis concluded that it does not improve OS, and we have insufficient data on its activity in reducing symptoms or improving Quality of Life \[[@B13-ijms-20-02353]\]. Several efforts were done to optimize ET. In this setting, using deregulated pathways to enhance ET activity is an interesting option. Combinations with epigenetic modulators and drugs inhibiting the PI3K/AKT pathway or IGFR pathway are under development, but drugs that act on cell cycle checkpoints seem to be the most attractive strategy \[[@B21-ijms-20-02353]\].Although different combinations are under development, doublet with an AI and a CDKi has the strongest preclinical rationale on the basis of cyclin D1 activity, which facilitates ER transcriptional activity, inducing ER-related gene expression. On the other hand, activation of cyclin D1 is downstream of the ER pathway \[[@B79-ijms-20-02353],[@B80-ijms-20-02353]\]. Moreover, ECs express Rb in 70% of cases with frequent mutations or amplification of cyclin D \[[@B65-ijms-20-02353],[@B76-ijms-20-02353]\]. In this context, combination of AIs with CDKis will use crosstalk and alteration of these two pathways to enhance activity of ET. This has been clinically demonstrated in BC and will probably play an important role in type I EC on the basis of its endocrine dependency; three phase II trial are developing this combination (NCT02730429, NCT02657928, NCT03134638). Other combinations are under development and BC is paving the way. Ongoing studies are combining CDKis with AI and IGFR inhibitors (NCT03099174) or different PI3K/AKT inhibitors, acting on pathways that are deregulated in ECs. Lastly, combinations of CDKis and immunotherapy are under development on the basis of CDKis preclinical activity in the tumour microenvironment (TME). Indeed, they induce a higher expression of PD-1, enhance antigen presentation and reduce proliferation of immunosuppressive T regulators. Ongoing clinical trials are evaluating these combinations in different settings including MSI-High solid tumours (NCT02791334), suggesting CDKis and immunotherapy could be a powerful combination in MSI-Hypermutated ECs \[[@B91-ijms-20-02353],[@B92-ijms-20-02353]\].As described before, nowadays we have no clear predictor of response to CDKis with the exception of ER positivity in BC. Unfortunately, in ECs, ERs and PgRs, although having a role as prognostic factors, are not clear predictors of response to ET \[[@B21-ijms-20-02353],[@B93-ijms-20-02353],[@B94-ijms-20-02353]\]. Moreover, response to ET in ECs is lower than in BCs, suggesting that drawing inference from BCs is not suitable for EC. Preclinical works suggest that different isoforms of ER and PgR could be related to different endocrine sensitivity \[[@B21-ijms-20-02353]\], while mutations in ESR1, encoding for truncated forms of ER, recur in 20% of TGCA specimens \[[@B95-ijms-20-02353]\]. Also, alteration of downstream pathways like the PI3K/AKT pathway \[[@B27-ijms-20-02353]\], could play a role in endocrine resistance but further prospective studies are needed. In this context, some ongoing trials are selecting patients on the basis of ER positivity while others are conducting exploratory analysis to find predictors of response in EC. Lastly, BC development of CDKis is using window of opportunity trials in a neoadjuvant setting (i.e., NCT02441946). This could be applied to EC patients in the near future. Indeed a chemo-naïve population, receiving CDKis for a short period of time with the possibility of a tumour specimen after treatment (at time of surgery), could be the ideal setting to evaluate potential biomarkers of response in an homogeneous population.Dose limiting toxicities have been the major concern of first and second generation CDKis. A growing experience in management of CDK4/6 inhibitors in BC patients demonstrates that these are long-term well tolerated drugs in this setting with transient hematologic toxicities or diarrhea that recover with dose reduction \[[@B48-ijms-20-02353]\]. Unfortunately, we have few data on long-term toxicities of CDK4/6 inhibitors and on adverse events that could occur with newest combinations and in EC populations. Indeed, one of the major concerns in the development of new drugs in ECs is toxicity of these compounds in a frail population. As described before, these patients have comorbidities like diabetes and hypertension and in this context hyperglycemia and hypercolesterolemia, which are PI3K inhibitors common AEs \[[@B24-ijms-20-02353]\] or proteinuria and hypertension that are VEGF inhibitors common AEs could become unacceptable toxicities \[[@B96-ijms-20-02353]\]. On the other hand, strategies intend to improve ET activity but not at the cost of a higher percentage of AEs, being one of the major pros of ET its manageable profile in these patents. Common toxicities of CDKis are haematological or gastrointestinal, suggesting they could be tolerated in EC patients, but ongoing studies will elucidate this aspect.

10. Conclusions {#sec10-ijms-20-02353}
===============

Use of CDKis in ECs has a strong preclinical rationale and preclinical data on their activity are interesting. Moreover, EC intrinsic endocrine sensitivity, and its frequent deregulation of cell cycle suggest that CDKis could play a role in these patients, enhancing activity of ET. On the other hand, we have few clinical data, and no phase III trial is ongoing in this setting. Ongoing studies are evaluating the activity of CDKis in EC, focusing above all on combinations with AIs. Optimizing ET without adding unacceptable toxicities is the main goal of future CDKis development, but several questions are still open. Firstly, although ET and CDKis seem to be the most interesting combination, preclinical data on CDKis in CCNE1-expressing USC and on CDKis activity on TME suggest that CDKis development could be extended to MSI-Hypermutated EC in combination with immunotherapy and USC, but clinical trials are scarce. Secondly, we have few studies evaluating biomarkers of activity in EC and development of CDKis could be an opportunity to evaluate biomarkers of response in homogeneous populations. Thirdly, toxicities of CDKis in BC suggest that they have manageable side effects in patients that have several comorbidities, but further data are needed for EC patients.

In conclusion, ongoing trials will probably define the best settings and partner drugs of CDKis and will clarify AEs of CDKis in EC patients and how to manage these AEs.
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###### 

CDKis generations and features.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                   First Generation (e.g., Alvocidib)                 Second Generation (e.g., Dinaciclib, CYC065)       Third Generation (e.g., Abemaciclib, Ribociclib, Palbociclib)                        Fourth Generation (e.g., TG02)
  ---------------- -------------------------------------------------- -------------------------------------------------- ------------------------------------------------------------------------------------ -----------------------------------------------------------------------
  Mode of action   Multi-serine/threonine CDKis                       Inhibitor of a wide range of CDKs                  Inhibitor of CDK4 and CDK6                                                           Pyrimidine-based multi-kinase inhibitor (together with JAK2 and FLT3)

  Side effects     -Tumour lyses syndrome (in CCL, reversible)\       -Neutropenia\                                      -Neutropenia\                                                                        -early clinical development, side effects not yet available
                   -Myelosuppression\                                 -Thrombocytopenia\                                 -Fatigue\                                                                            
                   -Diarrhea                                          -Pneumonia\                                        -GE toxicity (diarrhea)                                                              
                                                                      -Sepsis                                                                                                                                 

  Advantages       -First to demonstrate clinical activity in vitro   -activity shown in Multiple Myeloma\               -Higher potency\                                                                     -Higher potency (non pan-CDK)\
                                                                      -Enhance PARPis activity in vitro (Dinaciclib)     -Selective activity intumour cells\                                                  -Large spectrum of activity (e.g., also angiogenesis)\
                                                                                                                         -Cross BBB\                                                                          -Potent anti-proliferative effects in tumour cell lines
                                                                                                                         (abemaciclib)\                                                                       
                                                                                                                         -Manageable safety profile\                                                          
                                                                                                                         -oral administration\                                                                
                                                                                                                         -administered once daily (palbociclib and ribociclib)                                

  Limitations      -Low potency (pan-CDK)\                            -Non selective activity\                           -Prolonged QT interval (mandatory ECG before and during treatment with ribociclib)   -Under investigation in preclinical and clinical setting\
                   -Lack of specificity\                              -Equivalent activity on normal and tumour cells\                                                                                        -dose-dependent
                   -Off target toxic effects\                         -intravenous administration                                                                                                             
                   -intravenous administration                                                                                                                                                                
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Legend: CDK: cyclin-dependent kinase; CCL: chronic lymphocytic leukemia; AML: acute myeloid leukemia; GE: gastro-enteric; BBB: blood brain barrier; JAK2: Janus Kinase 2; FLT3: fms-like tyrosine kinase-3; PARPi: PARP inhibitors.
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###### 

Main ongoing clinical trials with CDKis in Endometrial Cancer.

  Description                                       Condition                                                                    Line of Therapy                   Primary Endpoint       Phase   Status                   Trial Identifier
  ------------------------------------------------- ---------------------------------------------------------------------------- --------------------------------- ---------------------- ------- ------------------------ ------------------
  **Palbociclib**                                                                                                                                                                                                          
  Palbociclib                                       Ovarian teratomas, GCTs or tumours with alteration at the G1/S checkpoint.   na                                ORR, Safety            II      Recruiting               NCT01037790
  Palbociclib+ cisplatin or carboplatin             Solid tumours                                                                na                                %AEs, DLT, RP2D        I       Recruiting               NCT02897375
  Palbociclib                                       Solid tumours with alteration at the G1/S checkpoint.                        \>2 line                          ORR                    II      Recruiting               NCT02465060
  Letrozole+ Palbociclib/Letrozole +placebo         Metastatic EC                                                                No more than 1 prior line of ET   PFS                    II      Recruiting               NCT02730429
  Palbociclib + Gedatolisib                         Solid tumours                                                                na                                %AEs, DLT, RP2D        I       Recruiting               NCT03065062
  **RIBOCICLIB**                                                                                                                                                                                                           
  Ribociclib +Letrozole                             OC and EC                                                                    na                                %PFS at 12 weeks       II      Active, not recruiting   NCT02657928
  Ribociclib+ everolimus + Letrozole                EC                                                                           ≤ 3 line                          DLT/CBR                I/II    Recruiting               NCT03008408
  **ABEMACICLIB**                                                                                                                                                                                                          
  LY3023414 (PI3Ki) and Abemaciclib +/− Letrozole   EC                                                                           na                                PFS at 6 months, ORR   II      Not yet recruiting       NCT03675893
  Fulvestrant+ Abemaciclib                          EC                                                                           1 or 2 line                       ORR                    II      Recruiting               NCT03643510
  **OTHER CDKIS**                                                                                                                                                                                                          
  Dinaciclib + Veliparib                            Solid tumours with BRCA mutation                                             na                                RP2D                   I       Recruiting               NCT01434316
  Seliciclib+ Sapacitabine                          Solid tumours                                                                na                                MTD                    I       Unknown                  NCT00999401
  CYC065                                            Solid tumours or lymphomas                                                   na                                DLTs                   I       Recruiting               NCT02552953

Legend: AEs: Adverse Events; DLTs: Dose Limiting Toxicities; EC: Endometrial Cancer; GCT: Granulosa Cell Tumours; MTD: Maximum Tolerated Dose; NA: not available; OC: Ovarian Cancer; ORR: Overall Response Rate; PI3Ki: PI3K inhibitor; RP2D: Recommended Phase II Dose.
